Introduction
Rare-element deposits (Li, Be, Ta, Nb, Sn, W, and REE) are commonly found in magmatic rocks: peralkaline to pegmatitic peraluminous granites, carbonatites, and alkaline igneous rocks [1] [2] [3] [4] [5] . Enrichment of these lithophile elements may be directly linked to magmatic processes, as evidenced for the Beauvoir granite (French Massif Central [6] [7] [8] ), Yichun granite of China [9, 10] , Czeck Podlesí granite [11, 12] ; or, magmatic-hydrothermal processes (e.g., [13] [14] [15] .)
Rare-element granites have been divided in three categories by Linnen and Cuney [4] : (1) Peralkaline rare-element granites (ASI < 1, where ASI expresses the alumina saturation index, i.e., the molar (Al/[Na + K]) ratio) are characterized by very high abundances of F, REE, Y, Zr, Nb, high abundances of Th, Sn, Be, Rb, and U, high Nb/Ta, and low P (phosphorous) content, and are typically emplaced in anorogenic geotectonic settings; (2) Metaluminous to peraluminous low P rare-element granites have intermediate REE, Y, Zr, Hf, Th, and Pb contents. They correspond to the standard class of [16] , the highly fractionated I-or A2-type granites of [17] , or the magnetite-series granites of [18] . They occur in both post-orogenic and anorogenic geotectonic settings. The associated mineralization is mainly Nb-Ta-Sn as columbite-tantalite (Coltan) and cassiterite, and these granites have relatively low Zr/Hf and Nb/Ta ratios; (3) Peraluminous high P rare-element granites are characterized by extremely low REE (close to chondritic abundances), Y, Zr, Hf, Th, Sc, and Pb contents, and by the presence of Li-rich muscovite or lepidolite, Rb, and Cs contents are also generally very high. Because of their strongly peraluminous character, they are classically related to the S-type granites of [19] .
The high-field strength elements (HFSE) Nb and Ta present both ionic charges and ionic radii that prevent them from being accommodated in the crystal lattice of common rock-forming minerals, and leave these elements in solutions. They are considered as incompatible elements during magmatic fractionation, and therefore, concentrations of these rare metals in silicate melts is related to small degrees of partial melting or to high degrees of fractional crystallization in evolved granitic and pegmatitic melts where their concentrations commonly increase until the saturation of the HFSE accessory phase, such as zircon, monazite, and/or Nb-Ta-bearing oxides [4, 20, 21] .
Nb-Ta bearing oxide minerals (columbo-tantalite (coltan), pyrochlore) are used to establish fractionation evolution of rare-element granite [4, [22] [23] [24] [25] [26] [27] [28] [29] . Geochemical studies of oxides and various silicate minerals, as well as mineral zoning, used rare-metal as trace elements to reconstruct ore fractionation in granitic systems, and to characterize the closed-and open-system during magmatic to hydrothermal evolution [8, 10, 11, [13] [14] [15] 25, 28, [30] [31] [32] [33] [34] [35] .
Fractionation of Nb vs. Ta is commonly observed [3, [36] [37] [38] , with Nb usually highly concentrated in peralkaline granites [39] when Ta is mostly concentrated in peraluminous leucogranites and pegmatites [3, 4, 22, 39, 40] . The behaviour of the Nb and Ta elements drastically changes depending on melt composition and/or fluxing elements, like F, Li, P, and B [3, 11, 38, [41] [42] [43] .
Nb-Ta magmatic occurrences are reported worldwide, and the African continent is richly endowed with rare-metal bearing pegmatites and granites that are linked to numerous orogenic belts in Africa ( Figure 1 ). Deschamps et al. [44] have compiled more than 1500 locations of known deposits of Ta and Nb in Africa. Melcher et al. [45] have characterized some local to regional differences in the mineralogy and geochemistry of the Ta-Nb-Sn bearing phases. Rare-metal granite (RMG) and pegmatite-bearing rare-element are described in several districts (Figure 1) , from Archean to Mesozoic provinces [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] . Each of these periods of Ta-Nb-Sn ore formation is characterized by peculiar mineralogical and geochemical features that, when combined with geochronological constraints, allow for associating these provinces with magmatic episodes and a geodynamic environment: syn-to late-orogenic (e.g., West African Craton, Zimbabwe Craton), post-orogenic (Kibara Belt, Damara Belt, Older Granites of Nigeria, Adola Belt of Ethiopia) and anorogenic (Younger Granites of Nigeria) ( [45] ; Figure 1 ). Figure 1 . Location of the study area within the network of Pan-African belt, and the African rare-element pegmatite and rare-metal granite provinces (Modified from [45, [58] [59] [60] To date, no Nb-Ta occurrences are described from the Poli region, which is located in the Northern Cameroon domain (NCD, Figure 2 ) of the Central Africa Fold Belt (CAFB). Early works in this area mainly focused on tectonic evolution and the associated magmatic activity in order to characterize the geodynamic evolution, especially in the Poli and the Tcholliré area (e.g., [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] ). These studies also highlighted intrusive calc-alkali and peraluminous granites. This area is largely underexplored for its metallogenic potential, despite Cu mineralization that was noticed within this volcano-sedimentary basin of Poli Group [71] , and some U-bearing granite considered to be related to albitization processes [72] [73] [74] [75] [76] [77] [78] . To date, no Nb-Ta occurrences are described from the Poli region, which is located in the Northern Cameroon domain (NCD, Figure 2 ) of the Central Africa Fold Belt (CAFB). Early works in this area mainly focused on tectonic evolution and the associated magmatic activity in order to characterize the geodynamic evolution, especially in the Poli and the Tcholliré area (e.g., [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] ). These studies also highlighted intrusive calc-alkali and peraluminous granites. This area is largely underexplored for its metallogenic potential, despite Cu mineralization that was noticed within this volcano-sedimentary basin of Poli Group [71] , and some U-bearing granite considered to be related to albitization processes [72] [73] [74] [75] [76] [77] [78] . Modified after [63] .
This paper presents an original geological description of the Mayo Salah leucogranite from the Poli region, North Cameroon ( Figure 2 ). It provides evidence for the first rare-metal bearing granite that is described in this area through field observations, whole-rock geochemistry, textural features, and mineralogy of Nb-Ta oxides-bearing minerals. Combining the geochemical and mineralogical features of the Mayo Salah leucogranite with U-Pb geochronological constraints on associated This paper presents an original geological description of the Mayo Salah leucogranite from the Poli region, North Cameroon ( Figure 2 ). It provides evidence for the first rare-metal bearing granite that is described in this area through field observations, whole-rock geochemistry, textural features, and mineralogy of Nb-Ta oxides-bearing minerals. Combining the geochemical and mineralogical features of the Mayo Salah leucogranite with U-Pb geochronological constraints on associated columbite and monazite minerals will allow for discussing the granite emplacement within the current knowledge of the geodynamic environment in this area during Pan-African times.
Geological Context
The Poli region belongs to the Northern Cameroon domain (NCD) of the Central Africa Fold Belt (CAFB) in Cameroon (Figure 2 ; [62] [63] [64] [67] [68] [69] [70] 79] ). This domain results from the collision between the Sahara metacraton [80, 81] and the Adamawa-Yadé domain (AYD). Precambrian terrains of the NCD are made of the Neoproterozoic Poli Group that was intruded by Pan-African pre-, syn-, late-, and post-tectonic plutonic rocks. Whole-rock Sm-Nd, Sr-Nd isotopic dating, and zircon U-Th-Pb dating indicate that most of the gneissic and granitic rocks of this domain are Neoproterozoic in age with minor Paleoproterozoic to Mesoproterozoic records [66, 68, 70, 72, [82] [83] [84] , contrasting with the abundant Paleoproterozoic ages that characterize the AYD [68, [85] [86] [87] . The granitoids rocks of Poli group, the Sinassi batholith in Tcholliré area, and the neighboring Mayo Kebbi batholith in southwestern Chad, are considered as an unique Sinassi-Mayo Kebbi batholith [62, 63, 67, 68, 70, 72, 82, [88] [89] [90] [91] [92] witnessing a Neoproterozoic continental magmatic arc setting of the Andean-type ( [63, 72] ).
The Poli Group consists in well-preserved Neoproterozoic low, medium, to high grade schists of volcanic and volcano-sedimentary origin (metavolcanics are tholeiitic basalts and calc-alkaline rhyolites emplaced in a distensive crustal environment) that were intruded by several Pan-African granitoids. It is dominated by tectonically interleaved metavolcanic and metasedimentary rocks [79, 90] . The metavolcanic units include sodic rhyolites and tholeiitic basalts when the metasedimentary units are composed of either purely volcanogenic clastic rocks (mainly tuffs) or variably reworked clastic rocks of dominantly intermediate composition (metagraywackes). Conglomerate layers are frequently observed in most of the sedimentary sequences (e.g., up to dm-size granitic pebbles in the clastic schists at Mayo Salah [70] . All of these rocks underwent a polyphased tectono-metamorphic evolution [69, 89, 91] , comprising an early D 1 nappe tectonics deformed by open folding with sub-vertical axial planes (D 2 ). The medium-to high-pressure type metamorphism (garnet-kyanite-staurolite) reaches anatexis in lower crustal levels [82, 93] . The ca. 830 Ma rhyolite at Goldyna and the concordant zircon ages of ca. 920 and ca. 780 Ma recorded in magmatic rocks from neighboring area (e.g., Goldyna metarhyolite and trondhjemitic pebbles) correspond to the ages of the underlying volcanic sequence [67, 70, 94] . On the basis of ion microprobe U-Pb dating of zircons from volcano-sedimentary sequences, the depositional age of the Poli basin is constrained between ca. 700 and ca. 665 Ma; detrital sources comprise ca. 920, 830, 780, and 736 Ma inherited magmatic zircons. This basin is considered to be pre-to syn-collisional developed upon, or in the vicinity of, young magmatic arcs [70, 90, 95] .
Several Pan-African granitoids have been identified and investigated in the NCD, and then correlated to its neighboring counterparts in southwestern Chad and eastern Nigeria (Figure 2 ). Three main generations of these plutonic rocks are discriminated, based on available geological, geochemical and geochronological data. (1) The oldest stage emplaced before the transcurrent tectonic and the regional migmatization, and it includes pre-to syn-collisional granitoids consisting mainly of calc-alkaline basic to intermediate plutons that were dated at ca. 740-630 Ma. The North Cameroon orthogneiss, the Sinassi, and the Mayo Kebbi batholiths belong to this plutonic group [63, [66] [67] [68] 84, 91, 92, 94] ; it is likely interpreted as a continental magmatic arc that is related to a subduction zone ( Figure 2) ; (2) The most abundant stage is composed of late-to post-collisional granitoids as they are associated with the main phase of collision, transcurrent shear zones, and migmatization. They are made up essentially of basic to felsic plutons. Two subgroups are distinguished and dated, respectively, at (2a) ca. 620-600 Ma; and, (2b) ca. 590-560 Ma [66] [67] [68] [69] 72, 83, 91, 94] ; (3) The youngest stage includes post-tectonic alkaline granitoids that were emplaced at ca. 550-530 Ma (Godé granitic massif, [69, 96] ), which are related to crustal extension.
Analytical Methods
Twenty-one representative hand-samples were collected on the Mayo Salah pluton for polished thin sections, whole-rock geochemistry, mineral chemistry, and geochronology.
Whole-Rock Geochemistry
The selected samples were crushed in a jaw crusher and were powdered in an agate mill to avoid contamination. The whole-rock compositions were measured using inductively coupled plasma atomic emission spectrometry (ICP-AES) for major elements, and inductively coupled plasma mass spectrometry (ICP-MS) for trace elements at the SARM (Service d'Analyse des Roches et des Minéraux, CRPG-CNRS, Nancy, France). Sample preparation, analytical conditions, and limits of detection are detailed in Carignan et al. [97] .
Imaging and Mineral Chemistry
The textures of rare-element minerals and the associated mineral assemblage were observed on polished thin sections, using the backscattered electron mode (BSE) of Hitachi S4800 scanning electron microscope (SEM), equipped with an EDS spectrometer at GeoRessources laboratory (Nancy, France) to characterize the paragenetic assemblages of the samples.
The mineral chemical compositions were obtained using an electron probe microanalyser (EPMA) CAMECA SX-100 at GeoRessources laboratory (Nancy, France). We present here the results of ca. 125 in-situ EPMA analyses that were obtained from different single crystals of Nb-Ta oxide minerals. Major and minor elements are expressed in weight per cent oxides (wt %). The operating conditions for the quantitative analyses were set at 15 kV accelerated voltage, 12 nA beam current, peaks, and background counting time set up to 10 s and 5 s for major element and trace elements, such as Sc, W, Y, U, Th, respectively; spot size of 1 µm 2 , applying the ZAF data correction (Z for atomic number effect; A for self absorption effect, and F for Fluorescence effect). Both metals and compounds were used as standards.
U-Pb Dating of Columbite and Monazite using Laser Ablation-Inductively Coupled Plasma-Mass Spectrometry (LA-ICP-MS)
Columbite and monazite grains have been extracted from two hand-samples of leucogranite (MS35c and MS38) using conventional procedure of densimetric, magnetic and bromoform density separation at GeoRessources laboratory (STEVAL experimental station). The columbite and monazite grains were handpicked under a binocular microscope and were mounted in epoxy resin. These epoxy mounts were polished using standard methods and were imaged via BSE using Hitachi S4800 SEM. For zoned columbite grains, only the cores were analyzed because the rims were too thin to be analyzed (Figures 13a and 14a ). U-Pb dating of columbite and monazite was conducted by LA-ICP-MS at Géosciences Rennes (France) using an ESI NWR193UC Excimer laser coupled to a quadripole Agilent 7700X ICP-MS. During the course of an analysis, the signals of 204 (Pb + Hg), 206 Pb, 207 Pb, 208 Pb, 232 Th, and 238 U masses are acquired. No common Pb correction was applied, owing to the large isobaric interference with Hg. The 235 U signal is calculated from 238 U on the basis of the ratio 238 U/ 235 U = 137.88. A single analysis consisted of 20 s of background integration, followed by 60 s integration with the laser firing, and then 10 s delays to wash out the previous sample. For more information on the settings of the instrument, see Ballouard et al. [98] and supplementary Table S1 . Spot diameters of 30 µm for columbite and 10 µm for monazite associated with repetition rates of 4 Hz (columbite) and 2 Hz (monazite) with a laser fluency of 8.8 J/cm 2 were used.
Data were corrected for U-Pb and Th-Pb fractionation, and for the mass bias by standard bracketing with repeated measurements of the GJ-1 zircon standard (columbite; [99] ) or the Moacir monazite standard (monazite; [100] ). Repeated analyses of the 91,500 zircon standard (1066.3 ± 8.9 Ma (n = 6); [101] ) or the Manangoutry monazite standard (545 ± 10 Ma (n = 9); [102] ) treated as unknowns were used to control the reproducibility and the accuracy of the corrections.
Data reduction was carried out with the GLITTER ® software package developed by the Macquarie Research Ltd. (Sydney, Australia) [103] . Concordia ages and diagrams were generated using Isoplot/Ex [104] . All of the errors that are given in supplementary Tables S1, 3 , and 4 are listed at one sigma, but where data are combined for regression analysis or to calculate weighted means, the final results are provided with 95% confidence limits.
Results

The Mayo Salah Pluton: Field Relationships, Structural Constraints and Macroscopic Petrographic Features
Several plutons are outcropping in the Mayo Salah region, among them, the Mayo Salah pluton (MSP) expressing the mineralogical character of rare-metal granites (Figures 2 and 3 ).
Field Relationships and Macroscopic Features
The MSP (3 km long and 2 km wide) intrudes the schists of the Poli Group with a concordant contact ( Figure 3 ). The pluton outcrops from North to South as four parallel and elongated E-W flat hills, with altitudes that were ranging between ca. 340 and 410 m. The pluton has a NNW-SSE elliptic shape and more or less homogeneous petrographic types in its north and south boundaries. Macroscopic and detailed field observations (Figures 4 and 5 ), which were based specifically on the color index and the granulometry of the samples, allow for the distinction of two main groups: (1) the porphyric muscovite granite (MsG) and (2) the muscovite leucogranite (MsL). The transition between the MsG and the MsL is outlined by the change of mineralogical composition, color index, and outcropping mode. 
The MSP (3 km long and 2 km wide) intrudes the schists of the Poli Group with a concordant contact ( Figure 3 ). The pluton outcrops from North to South as four parallel and elongated E-W flat hills, with altitudes that were ranging between ca. 340 and 410 m. The pluton has a NNW-SSE elliptic shape and more or less homogeneous petrographic types in its north and south boundaries. Macroscopic and detailed field observations (Figures 4 and 5 ), which were based specifically on the color index and the granulometry of the samples, allow for the distinction of two main groups: (1) the porphyric muscovite granite (MsG) and (2) the muscovite leucogranite (MsL). The transition between the MsG and the MsL is outlined by the change of mineralogical composition, color index, and outcropping mode. (Figure 3 ). This facies outcrops in the southern part of the pluton. It presents a subvertical foliation with stretching lineation (Figure 4a) . MsG is mesocratic, porphyric medium-to coarse-grained made of quartz, muscovite, plagioclase ± biotite ± orthose (Figure 4b,c) . The rock may locally display a preferred orientation of minerals, which were mostly underlined by the general organization (sub-)parallel to the (001) cleavage planes of muscovite (Figure 4b ). The Muscovite granite (MsG) represents 1/5 of the area of the MSP (Figure 3 ). This facies outcrops in the southern part of the pluton. It presents a subvertical foliation with stretching lineation (Figure 4a ). MsG is mesocratic, porphyric medium-to coarse-grained made of quartz, muscovite, plagioclase ± biotite ± orthose (Figure 4b,c) . The rock may locally display a preferred orientation of minerals, which were mostly underlined by the general organization (sub-)parallel to the (001) cleavage planes of muscovite (Figure 4b ). The muscovite leucogranite (MsL) is the main facies of the MSP, as it represents about 4/5 of the area (Figure 3 ). It is generally made of quartz, feldspar, muscovite, and opaque minerals. A distinction that is based on the color index and texture, the size of minerals, and the proportion of oxide minerals allowed for the distinction of the four following subgroups: The muscovite leucogranite (MsL) is the main facies of the MSP, as it represents about 4/5 of the area (Figure 3 ). It is generally made of quartz, feldspar, muscovite, and opaque minerals. A distinction that is based on the color index and texture, the size of minerals, and the proportion of oxide minerals allowed for the distinction of the four following subgroups:
(i) Porphyric medium-to coarse-grained muscovite leucogranite (MsLC) is the dominant leucogranite subgroup and it represents most of the northern part of the pluton (Figure 3) , and it displays progressive contact with the MsG and MsLCm in its southern limit (see below in the text). The outcrops are generally highly fractured blocks and flagstones (Figure 4d ). The rock is leucocratic medium-to coarse-grained made of quartz, plagioclase, muscovite, ±Nb-Ta oxides, and ±garnet ( 
Structural Features
The lithologies that were intruded by the Mayo Salah pluton have a shallow-dipping schistosity with various directions (N26-N85) and dip oriented towards N and NW (up to 28 • ). This schistosity is visible on outcrops that are located along road trenches ( Figure 5a ) and in river beds at the North of the pluton (Figures 3 and 5b,c) . The schistosity is delineated by internal micro-fold with axial planes that are parallel to the schistosity plane (Figure 5d ). In the southern part of the pluton, this shallow-dipping schistosity (up to 16 • towards W) displays a different orientation and is weakly folded. An enclave of schist is also visible in some rocks of the MSP (Figures 4m and 5e,f) .
The MSP is weakly deformed. A pervasive solid state deformation has been observed in its borders that is emphasized by subvertical foliation with stretching lineation ( Figure 5 ). The foliation is locally highlighted by quartz-feldspar veins (Figure 5g ). The central part of the pluton does not show any sign of deformation but the local mineral lineation (N75E-N110E), witnessed by muscovite and quartz are observed in some facies (Figure 5h ). This deformation is progressive and it decreases from the border towards the core of the pluton. This is typical for composite, multiphase intrusions. In the borders, the foliation is oriented E-W with southbound plunges (up to 56 • ), which are underlined by fractures and quartz-feldspar veins (Figures 4a and 5i,j). The limit between the pluton and the host rock at the northern boundaries displays identic fabric between the schist and the MsL and mixture features where the structures of the hosting rocks are even visible (Figure 5e ,f). This points to a northbound vergence of the pluton with structures straightened at its southern boundaries (Figures 4a and 5i ) that lie down progressively northbound (Figure 5j ). In the central part of the pluton, mainly in the MsG, MsLCm, and MsLF, the flagstones have variable directions with very shallow-dipping fabrics (up to 12 • ), with a magmatic flow and mineral lineation (E-W) that is underlined by the preferred orientation of (001) muscovite cleavage planes and feldspars ( Figure 5h ). Many fractures assigned to fault/fracture ( Figure 5k ) and conjugate sinistral/dextral shearing mainly NE-SW (N50E-N70E), E-W (N80-N90E) and WNW-ESE (N110E-N150), affect these rocks and some quartz veins (Figure 5l ,m). The quartz has undulose extinction, feldspars are broken or sheared and are filled by muscovite or/and quartz ( Figure 5n ), and muscovite is kinked (Figure 5o ). All of these elements provide evidence that this pluton underwent a tectonic event that was less pronounced in the core of the plutons than at its boundaries that display a dominant solid state deformation. 
Mineralogical Assemblages of the Main Facies
A summary of the mineral assemblages that were observed in the different facies of the Mayo Salah pluton is proposed in Table 1 Quartz is expressed as subeuhedral megacrysts with various sizes (up to 1 mm) in coarse samples ( Figure 4c ,f,n), and as medium crystals (up to 300 µm) in fine-to medium-grained samples ( Figure 4i ). The second generation of quartz is expressed as interstitial grains. Plagioclase is albite, and it is mostly expressed as groundmass, like quartz. It is made of coarse euhedral megacrysts (Figure 4c 
Habit, Distribution, Texture and Compositions of Rare-Element-Bearing Minerals
The most common rare-element-bearing mineral that was observed in the Mayo Salah pluton corresponds to columbite-group mineral (CGM), especially columbite-tantalite so called coltan, the most important group of Nb-Ta minerals [24] . In addition, other phases hosting Nb-Ta are present such as other Ta-Nb-oxides (TNO), like Nb-rutile and pyrochlore supergroup minerals (Figure 6h ). All these rare-element-bearing minerals are expressed either as scattered prismatic, tabular minerals or small needle-like grains, generally in association with muscovite and albite ( Figure 6 ). Their size varies between 20 and 400 µm long (Figure 6a,c-e,h ).
Columbite-Group Mineral
CGM is observed in varying abundance in the silica matrix of all MsL subgroups, commonly in MsLC and MsLF, fewer in MsLCm and pegmatite, and never in MsG ( Figure 6 ). BSE images reveal that CGM are weakly heterogeneous, with a sharp but concordant rim zone, as is consistent with a simple core-rim normal zoning ( Figure 7 and Figure 13a) . In a simple type zoning patterns, we distinguish progressive and rarely patchy and oscillatory zoning in some coltan grains. The patchy zoning is observed in MsLCm and MsLC facies (Figure 7l and Figure 14a ). The progressive zoning appears mainly in all facies, and consists of Nb-rich darker (core) and Ta-rich brighter (rim) areas ( Figure 7 and Figure 13a ). It is consistent with magmatic fractionation in agreement with other worldwide studies [28, 105] . CGM-I constitutes the earliest stage of mineralization. They occur as scattered tabular or prismatic euhedral grains up to 400 µm long, disseminated between quartz, plagioclase, muscovite, and microcline ( 
Other Ta-Nb Oxide Minerals (TNO)
The other TNO minerals in the MSP include Nb-rutile and pyrochlore-supergroup minerals, with uncommon compositions. They are more abundant in the MsLCm facies.
The investigated rutile is Nb-rich without zonation. They occur as subeuhedral or anhedral oxide (up to 650 µm long) in muscovite flakes. The textural pattern of the examined Nb-rutile witness geochemical heterogeneities, suggesting that nano-to microscopic grains of pyrochlore might be present as inclusions in the crystal.
A pyrochlore-supergroup mineral occurs as euhedral to subeuhedral grain in silicate matrix or as inclusions in muscovite. The grains are mainly metamict with common inclusions of uraninite and thorite. Other phases appear around CGM-I (Figures 6h and 7o) . The wide range of textural patterns of TNO and their relation with CGM is consistent with hydrothermal mineralization at the late stage of magmatic fractionation [32, 33, 45, 106] .
Whole-Rock Geochemistry of Mayo Salah Pluton (MSP)
Major Element Characteristics
The major and trace elements composition of samples from MSP are listed in Table 2 . On a total alkali versus silica (TAS) diagram [107] , all of the samples plot in the granite field. They belong to the sub-alkaline domain [108] , to the exception of two samples of pegmatites (Figure 9a ).
One sample of MsG has been analyzed and is characterized by (i) a high silica and alkali contents with SiO2 up to 72.10 wt % and Na2O + K2O up to 8.11 wt % respectively; (ii) a moderate content of Al2O3 at 13.95 wt %; and (iii) low contents of CaO, Fe2O3, P2O5, and MgO at 1.75 wt %, 1.62 wt %, 0.06 wt %, and 0.40 wt %, respectively.
The Ms-leucogranite subgroup displays (i) a high silica content, with SiO2 values ranging from 74.02 to 79.39 wt % in MsLC facies, 73.03 to 75.24 wt % in MsLCm facies, 73.11 to 75.15 wt % in MsLF facies and 70.25 to 73.60 wt % in pegmatites; (ii) a high alkali content in all facies, with Na2O + K2O ranging from 6.33 to 9.57 wt % and the higher values in pegmatites up to 12.01 wt %; and (iii) a moderate Al2O3 wt % content (12.47-16.11 wt %) with high content in pegmatite up to 16.11 wt %; (iv) a low Fe2O3, CaO wt % content in all MsL subtypes, with values ranging from 0.24 to 0.89 wt % and from 0.37 to 1.35 wt %, respectively. Most of the investigated MsL samples have MgO content that is below detection limit but when measurable these contents are up to 0.03 wt %, and they all have lower P2O5 below the limit of detection ( Table 2 ). The ASI shows that the MsL subtype is slightly peraluminous with values of A/CNK ranging from 1.01 to 1.21, whereas MsG is slightly metaluminous with A/CNK = 0.98 ([109] ; Figure 9b ). 
Other Ta-Nb Oxide Minerals (TNO)
Whole-Rock Geochemistry of Mayo Salah Pluton (MSP)
Major Element Characteristics
The major and trace elements composition of samples from MSP are listed in Table 2 . On a total alkali versus silica (TAS) diagram [107] , all of the samples plot in the granite field. They belong to the sub-alkaline domain [108] , to the exception of two samples of pegmatites (Figure 9a) .
One sample of MsG has been analyzed and is characterized by (i) a high silica and alkali contents with SiO 2 up to 72.10 wt % and Na 2 [110] shows that all of the MsL samples are peraluminous, with the A parameter ranging from 1.86 to 41.81 and the B parameter ranging from 1.14 to 11.41 (Table 2 ). In this diagram ( Figure 10 ) the MsL have a positive A parameter and a mafic mineral content (B parameter) that is below 10%, and a peraluminosity index that substantially increases during fractionation [111] . The MsL subgroup plots in the field of anatectic granitoids of the crustal peraluminous domain [111] , they show the trend of muscovite ± topaz granite or L-type granites like leucogranite of Beauvoir and St Sylvestre in the French Massif Central [112] . The MsG is metaluminous with a negative A parameter of −5.07 and a B parameter of 33.24, and plots in the field of mantle metaluminous to peraluminous domain. [110] shows that all of the MsL samples are peraluminous, with the A parameter ranging from 1.86 to 41.81 and the B parameter ranging from 1.14 to 11.41 (Table 2 ). In this diagram ( Figure 10 ) the MsL have a positive A parameter and a mafic mineral content (B parameter) that is below 10%, and a peraluminosity index that substantially increases during fractionation [111] . The MsL subgroup plots in the field of anatectic granitoids of the crustal peraluminous domain [111] , they show the trend of muscovite ± topaz granite or L-type granites like leucogranite of Beauvoir and St Sylvestre in the French Massif Central [112] . The MsG is metaluminous with a negative A parameter of −5.07 and a B parameter of 33.24, and plots in the field of mantle metaluminous to peraluminous domain. [110] shows that all of the MsL samples are peraluminous, with the A parameter ranging from 1.86 to 41.81 and the B parameter ranging from 1.14 to 11.41 (Table 2 ). In this diagram ( Figure 10 ) the MsL have a positive A parameter and a mafic mineral content (B parameter) that is below 10%, and a peraluminosity index that substantially increases during fractionation [111] . The MsL subgroup plots in the field of anatectic granitoids of the crustal peraluminous domain [111] , they show the trend of muscovite ± topaz granite or L-type granites like leucogranite of Beauvoir and St Sylvestre in the French Massif Central [112] . The MsG is metaluminous with a negative A parameter of −5.07 and a B parameter of 33.24, and plots in the field of mantle metaluminous to peraluminous domain. 
Trace Element and REE Patterns
The chondrite-normalized REE [113] patterns and the upper continental crust-normalized incompatible element patterns [114] of representative samples of the MSP are presented in Table 2 and in Figure 11a ,b.
The Nb-Ta barren granite MsG is the most enriched in REE (158 ppm). Its chondrite-normalized REE pattern (Figure 11a ) is moderately fractionated with (La/Yb) N = 12, and it shows an Eu negative anomalies (Eu/Eu* = 0.49) and a flat HREE profile (Gd N /Yb N = 1.4), as well as a pronounced fractionation within the LREE with (La/Sm) N = 5.0 when compared to the flat HREE. In the spider diagram, the MsG expresses homogenous composition with negative anomalies in Zr, Sr and Eu (Figure 11b) , and positive U and Ta anomalies. 
The Nb-Ta barren granite MsG is the most enriched in REE (158 ppm). Its chondrite-normalized REE pattern (Figure 11a ) is moderately fractionated with (La/Yb)N = 12, and it shows an Eu negative anomalies (Eu/Eu* = 0.49) and a flat HREE profile (GdN/YbN = 1.4), as well as a pronounced fractionation within the LREE with (La/Sm)N = 5.0 when compared to the flat HREE. In the spider diagram, the MsG expresses homogenous composition with negative anomalies in Zr, Sr and Eu (Figure 11b) , and positive U and Ta anomalies. Figure 11 . (a) Chondrite-normalized REE patterns for the MsL and MsG whole-rocks of the Mayo Salah pluton. Normalization after [113] ; and, (b) Upper crust-normalized incompatible element patterns for the Mayo Salah pluton. Normalization after [114] . Averages of distribution of rare-elements in peraluminous low phosphorous (PLP) granites are from [4] . Figure 11a ), as marked by the flat REE patterns. In the trace elements spider diagram (Figure 11b ), the MsL samples display a positive slope for Rb, U, and Nb elements, and a negative slope of Zr, Sr, and Eu elements. This distribution of trace elements is characteristic of metaluminous to peraluminous low phosphorous (PLP) rare-element granites [4] . A high degree of magmatic fractionation in MsL is reflected by the low K/Rb value (32-65).
Trace Element Features
The Nb content in all of the samples of the MSP ranges from 16 to 94 ppm, and increases from the MsG to tbe MsL subgroup. Table 2) .
The Ta is less concentrated than Nb (from 3.5 to 49 ppm), but it displays the same distribution than Nb in the different facies of the MSP. The Ta content is of 3.9 ppm in the MsG, from 3.5 to 17 ppm in pegmatites, from 6.8 to 13 ppm in the MsLCm, from 8.7 to 33 ppm in the MsLC, and from 18 to 49 ppm in the MsLF.
The Sn content displays values ranging from 43 to 161 ppm in all of the facies to the exception of (i) the MsG where the Sn content is down to 7.6 ppm, and of (ii) the MsLC with moderate contents from 28 to 105 ppm (Table 2) .
According to Ballouard et al. [22] , the Nb/Ta ratios can be used as a geochemical indicator to discriminate barren granites (Nb/Ta > 5) from rare-metal granites (Nb/Ta < 5). In samples from the MSP, the Nb/Ta ratio varies from 1.4 to 9.0 (Figure 12a ) and samples with a low Nb/Ta ratio displays the highest content of Nb and Ta. Thus MsLC and MsLF have Nb/Ta < 5, and are mineralized, whereas the MsLCm and the MsG have Nb/Ta > 5 and are barren. This geochemical discrimination is also observed using the Zr/Hf ratio that is typically low in RMG (<18) [22] . The Zr/Hf ratio in all leucogranite subtypes MsLC (5.4-14) , MsLF (4.8-7.1), and MsLCm (9.2-11) indicates that these granites are in the field of RMG, while the MsG (Zr/Hf = 27) is barren ( Figure 12b and Table 2 ). Figure 12. (a) Nb/Ta versus Ta (ppm) diagram of the Mayo Salah granitic facies showing the evolution of peraluminous granites during fractionation [22] ; and, (b) Nb/Ta versus Zr/Hf diagram allowing for the comparison of the granitic rock samples of Mayo Salah to typical geochemical domains of rare-metals related granites (Ta-Cs-Li-Nb-Be-Sn-W), Sn-W-(U) related granites and barren granites, after [22] . Note that the MsG and is barren.
U-Pb Dating of Columbite and Monazite
Geochronological constraints on the different facies of the Mayo Salah granites were obtained on several grains of coltan (columbite-Mn) and monazite that were separated from the coarse-grained muscovite leucogranite ( Table 1 ) that corresponds to the main mineralized facies of the MSP (Figure 3) . Among the three selected samples, 14 columbite and nine monazite crystals were individually analyzed in sample MS35c (MsLC facies), and 10 columbite-Mn crystals and one monazite crystal in sample MS38 (MsLCm facies). A maximum of 38 representative spots from the columbite crystals (Table 3 ) and 23 spots from the monazite crystals (Table 4) were defined using BSE images (Figures 13a and 14a) . , Sn-W-(U) related granites and barren granites, after [22] . Note that the MsG and is barren.
Geochronological constraints on the different facies of the Mayo Salah granites were obtained on several grains of coltan (columbite-Mn) and monazite that were separated from the coarse-grained muscovite leucogranite ( Table 1 ) that corresponds to the main mineralized facies of the MSP (Figure 3) . Among the three selected samples, 14 columbite and nine monazite crystals were individually analyzed in sample MS35c (MsLC facies), and 10 columbite-Mn crystals and one monazite crystal in sample MS38 (MsLCm facies). A maximum of 38 representative spots from the columbite crystals (Table 3) and 23 spots from the monazite crystals (Table 4) were defined using BSE images (Figures 13a and 14a) . Sample MS35c is characterized by coarse grained quartz, feldspar, muscovite, and minor fluorite, garnet, monazite, zircon, and oxide minerals, such as cassiterite and wolframite (Table 1) . Late stage microfractures or veinlets filled with quartz are also locally observed. This rock was collected at the northern part of the pluton, 200 m from the national road (Figure 3) .
The columbite grains extracted from this rock are dominated by a homogenous population of dark, euhedral crystals. No inherited cores were observed in the population. Crystals range in size from ca. 100 to 350 µm, with the majority being around 150 µm. The BSE imaging shows that the grains are usually fractured and fairly homogeneous with patchy core and little zoning on their outer rim (Figure 13a ). Fourteen grains have been analyzed (Table 3 ). The data plot in a concordant to discordant position in a Tera-Wasserburg Concordia diagram (Figure 13b ). The discordant analyses can be best explained by a combination between Pb loss and the presence of initial common Pb. A group of 11 concordant data yield a Concordia date of 603.2 ± 5.3 Ma (MSWD = 1.7; Figure 13b insert).
Monazite grains extracted in the sample MS35c, have a medium size (100 to 250 µm), and range from colorless to pale pink with few cracks. The Th/U ratios are high and range from 18.5 to 69.6 (Table 4) . A total of 12 spot analyses on nine grains were obtained for sample MS35c, yielding 208 Pb/ 232 Th dates ranging from 410.3 to 612.3 Ma. Most of the analyses show the presence of initial common Pb within these monazite grains. Plotted in a Concordia diagram (Figure 13c ), they define a lower intercept date of 590 ± 13 Ma (MSWD = 2.4). The two concordant analyses yield a Concordia date of 597.1 ± 7.9 Ma (MSWD = 1.5, Probability = 0.23) (Figure 13c insert) . The sample MS38 corresponds to the Mn-oxides bearing coarse-grained muscovite leucogranite (MsLCm). It is the transitional facies between the muscovite granite (MsG) in the south and the main coarse-grained muscovite leucogranite (MsLC) in the north of the Mayo Salah pluton (Figure 3 ). This sample was collected in the southeastern part of the pluton and it is a medium-to coarse-grained sample with local porphyritic texture that was marked by the Mn-oxide concentrations. The mineralogy consists in albite, K-feldspar (microcline), quartz, muscovite, and Mn-oxides. Accessory minerals are represented by zircon, garnet, monazite, and oxides (rutile, wolframite, cassiterite, coltan, and pyrochlore). Calcite and fluorite are expressed as secondary mineral phases ( Table 1) .
The columbite grains extracted from this rock are dark and euhedral crystals. BSE images show that the grains are usually fractured and fairly homogeneous with patchy core zoning (Figure 14a ). Their size varies from 100 to 200 µm. Some crystals host uraninite and thorite inclusions (Figure 14a) . The Th/U ratios range from 0.02 to 0.08 (Table 2) , which is in agreement with the magmatic nature of the analyzed columbite grains. With the exception of three analyses that plot in a discordant position (Figure 14b) , the remaining seven analyses are concordant and yield a concordia date of 588.3 ± 5 Ma. (MSWD = 1.5, Figure 14b insert).
Only one monazite crystal has been extracted from sample MS38. It presents a medium size (150 µm), is pale pink, with few cracks. The Th/U ratios are high and range from 17.9 to 156.4 (Table 4) . A total of six spots were analyzed, yielding 208 Pb/ 232 Th dates ranging from 519.3 to 634.2 Ma. The position of the data in the Concordia diagram can be attributed to the presence of a non-negligible The sample MS38 corresponds to the Mn-oxides bearing coarse-grained muscovite leucogranite (MsLCm). It is the transitional facies between the muscovite granite (MsG) in the south and the main coarse-grained muscovite leucogranite (MsLC) in the north of the Mayo Salah pluton (Figure 3 ). This sample was collected in the southeastern part of the pluton and it is a medium-to coarse-grained sample with local porphyritic texture that was marked by the Mn-oxide concentrations. The mineralogy consists in albite, K-feldspar (microcline), quartz, muscovite, and Mn-oxides. Accessory minerals are represented by zircon, garnet, monazite, and oxides (rutile, wolframite, cassiterite, coltan, and pyrochlore). Calcite and fluorite are expressed as secondary mineral phases ( Table 1) .
The columbite grains extracted from this rock are dark and euhedral crystals. BSE images show that the grains are usually fractured and fairly homogeneous with patchy core zoning (Figure 14a ). Their size varies from 100 to 200 µm. Some crystals host uraninite and thorite inclusions (Figure 14a) . The Th/U ratios range from 0.02 to 0.08 (Table 2) , which is in agreement with the magmatic nature of the analyzed columbite grains. With the exception of three analyses that plot in a discordant position (Figure 14b ), the remaining seven analyses are concordant and yield a concordia date of 588.3 ± 5 Ma.
(MSWD = 1.5, Figure 14b insert).
Only one monazite crystal has been extracted from sample MS38. It presents a medium size (150 µm), is pale pink, with few cracks. The Th/U ratios are high and range from 17.9 to 156.4 (Table 4) . A total of six spots were analyzed, yielding 208 Pb/ 232 Th dates ranging from 519.3 to 634.2 Ma.
The position of the data in the Concordia diagram can be attributed to the presence of a non-negligible amount of initial common Pb in most of this monazite grain. A Concordia date of 581.6 ± 7.2 Ma (MSWD = 1.5) can be calculated with the two concordant data (Figure 14c, insert) , while a lower intercept date of 583 ± 19 Ma (MSWD = 3.0) can be calculated using all of the data (Figure 14c ). 
Discussion
The Mayo Salah Pluton: A Peraluminous Low-Phosphorous Rare-Metal Granite
The Mayo Salah pluton (MSP) is made of two main rock groups: the metaluminous barren muscovite granite and the mineralized (Nb-Ta-Sn) peraluminous leucogranite ( Figure 3 ; Table 1 ). It is emplaced as isolated bodies in micaschists and metavolcanics, as described generally for the RMG [4] with example of the Beauvoir granite that is emplaced at shallow levels [6] . The leucogranites of MSP are subalkaline and weakly peraluminous (ASI = 1.01-1.21; Figure 9a ,b) with high alkali contents (Na2O + K2O from 8.06 to 12.01 wt %). Using the diagram of the peraluminous index versus the differentiation index of Debon and Lefort [110] , Cuney [111] discriminated various magmatic fractionation trends among peraluminous, metaluminous, and peralkaline igneous rocks and anatectic pegmatoids (Figure 10 ). The leucogranite group of the MSP plots in the field of crust peraluminous domain. They have a trend that is comparable to L-type igneous rocks characterized by distinctive increase of ASI during fractionation, and mafic minerals below 10%, and that formed by low degrees of partial melting (<30%) of quartz-feldspar-rich protoliths such as meta-arkose, felsic metavolcanic rocks, or metagranite [115] . Three samples (MS35a, MS35b, MS35c) appear to be moderately fractionated with (La/Yb)N of 20, 14 and 15 ( Table 2 ). The latter displays a significant depletion in HREE with (Gd/Yb)N of 11, 7.3, and 7.2, respectively, which is probably due to abundance of monazite and garnet in this facies [116, 117] 
Discussion
The Mayo Salah Pluton: A Peraluminous Low-Phosphorous Rare-Metal Granite
The Mayo Salah pluton (MSP) is made of two main rock groups: the metaluminous barren muscovite granite and the mineralized (Nb-Ta-Sn) peraluminous leucogranite ( Figure 3 ; Table 1 ). It is emplaced as isolated bodies in micaschists and metavolcanics, as described generally for the RMG [4] with example of the Beauvoir granite that is emplaced at shallow levels [6] . The leucogranites of MSP are subalkaline and weakly peraluminous (ASI = 1.01-1.21; Figure 9a ,b) with high alkali contents (Na 2 O + K 2 O from 8.06 to 12.01 wt %). Using the diagram of the peraluminous index versus the differentiation index of Debon and Lefort [110] , Cuney [111] discriminated various magmatic fractionation trends among peraluminous, metaluminous, and peralkaline igneous rocks and anatectic pegmatoids (Figure 10 ). The leucogranite group of the MSP plots in the field of crust peraluminous domain. They have a trend that is comparable to L-type igneous rocks characterized by distinctive increase of ASI during fractionation, and mafic minerals below 10%, and that formed by low degrees of partial melting (<30%) of quartz-feldspar-rich protoliths such as meta-arkose, felsic metavolcanic rocks, or metagranite [115] . Three samples (MS35a, MS35b, MS35c) appear to be moderately fractionated with (La/Yb) N of 20, 14 and 15 ( Table 2 ). The latter displays a significant depletion in HREE with (Gd/Yb) N of 11, 7.3, and 7.2, respectively, which is probably due to abundance of monazite and garnet in this facies [116, 117] . They display flat REE patterns (La/Yb) N = 0.19-3.3 with a strongly negative Eu anomaly (Eu/Eu* = 0.05-0.20) typical of leucogranite [118] , and a slight enrichment of HREE in MsLCm subtype (Figure 11a ). They have relatively low Zr/Hf (4.8-14) and Nb/Ta (1.4-9.0) ratios that were shown by the positive slope of the Zr-Hf-Nb-Ta profile (Figure 11b ). All of these features indicate that the MSP belongs to the peraluminous low-phosphorus (PLP) rare-element granites (Figure 10; [4] ), like the topaz granites from Suzhou granite [119] , Ahelehedj [120] , Cinovec [121, 122] , Seiffen stock [123] , Shizhuyuan, and Chavance [124] . They correspond to the standard class of [16] , the highly fractionated I-or A2-type granites of [17] , or the magnetite-series granites of [18] . The MsL have a Zr/Hf < 18 and an Nb/Ta < 5, and plot in the field of RMG [22] that was related to Ta-Li-Cs-Nb-Be-Sn-W, while the MsG is barren (Figure 12b) . The rare-element mineralization (Nb, Ta, and Sn) of the MSP is expressed as cassiterite and homogeneously disseminated Nb-Ta oxides, such as coltan, rutile, and pyrochlore within the MsL facies (Figures 6 and 7) . The Nb-Ta oxides are hosted by the silicate matrix, and display a simple core-rim normal progressive zoning and less frequently an oscillatory zoning ( Figure 7 ). The presence of these oxides as inclusions within most primary minerals, such as muscovite and albite; as well as the inclusion of some albite within the coltan (Figure 6 ), and chemical zoning of these oxides ( Figure 7 ) allow for interpreting these crystals as magmatic in origin, as described in worldwide studies [4, 6, 9, 10, 12, 28, 36, 37, 105, [125] [126] [127] [128] . CGM-I is characterized by high Mn# (0.52-0.89) and low Ta# (0.04-0.19) typical of earlier magmatic-stage products, and the observed differences in Mn# or Ta# values of the primary columbite minerals in the different facies strongly suggest a high differentiated magmatic environment during crystallization of the Mayo Salah leucogranite magma (Figure 8 ; [12] ). The Ta# and Mn# ratios increase from the core to the rim of the crystals, but with small oscillations (Figure 8 ). The zoning pattern that was observed in the CGM as well as the continuous compositional whole rock geochemistry trends in Ta# and Zr/Hf (Figure 12b ) suggest that these geochemical variations are related to magmatic fractionation [28] . Indeed, constant evolution of the Mn# ratio from earlier to late magmatic stage is a typical trend in RMG [4, 31] and it is attributed to fractional crystallization in rare-metal-enriched granites and granitic pegmatites [4, 9, 12] . In the same way, the composition of CGMs from the Mayo Salah leucogranite displays the same features of Ta# variation reported in rare-metal granites worldwide (Figure 15 ; e.g., [9, 12, 129] ), as well as in granitic pegmatites (e.g., [4, 31, 128] . leucogranite [118] , and a slight enrichment of HREE in MsLCm subtype (Figure 11a ). They have relatively low Zr/Hf (4.8-14) and Nb/Ta (1.4-9.0) ratios that were shown by the positive slope of the Zr-Hf-Nb-Ta profile (Figure 11b ). All of these features indicate that the MSP belongs to the peraluminous low-phosphorus (PLP) rare-element granites ( Figure 10 ; [4] ), like the topaz granites from Suzhou granite [119] , Ahelehedj [120] , Cinovec [121, 122] , Seiffen stock [123] , Shizhuyuan, and Chavance [124] . They correspond to the standard class of [16] , the highly fractionated I-or A2-type granites of [17] , or the magnetite-series granites of [18] . The MsL have a Zr/Hf < 18 and an Nb/Ta < 5, and plot in the field of RMG [22] that was related to Ta-Li-Cs-Nb-Be-Sn-W, while the MsG is barren (Figure 12b) . The rare-element mineralization (Nb, Ta, and Sn) of the MSP is expressed as cassiterite and homogeneously disseminated Nb-Ta oxides, such as coltan, rutile, and pyrochlore within the MsL facies (Figures 6 and 7) . The Nb-Ta oxides are hosted by the silicate matrix, and display a simple core-rim normal progressive zoning and less frequently an oscillatory zoning ( Figure 7 ). The presence of these oxides as inclusions within most primary minerals, such as muscovite and albite; as well as the inclusion of some albite within the coltan (Figure 6 ), and chemical zoning of these oxides ( Figure 7 ) allow for interpreting these crystals as magmatic in origin, as described in worldwide studies [4, 6, 9, 10, 12, 28, 36, 37, 105, [125] [126] [127] [128] . CGM-I is characterized by high Mn# (0.52-0.89) and low Ta# (0.04-0.19) typical of earlier magmatic-stage products, and the observed differences in Mn# or Ta# values of the primary columbite minerals in the different facies strongly suggest a high differentiated magmatic environment during crystallization of the Mayo Salah leucogranite magma ( Figure 8 ; [12] ). The Ta# and Mn# ratios increase from the core to the rim of the crystals, but with small oscillations (Figure 8 ). The zoning pattern that was observed in the CGM as well as the continuous compositional whole rock geochemistry trends in Ta# and Zr/Hf (Figure 12b ) suggest that these geochemical variations are related to magmatic fractionation [28] . Indeed, constant evolution of the Mn# ratio from earlier to late magmatic stage is a typical trend in RMG [4, 31] and it is attributed to fractional crystallization in rare-metal-enriched granites and granitic pegmatites [4, 9, 12] . In the same way, the composition of CGMs from the Mayo Salah leucogranite displays the same features of Ta# variation reported in rare-metal granites worldwide (Figure 15 ; e.g., [9, 12, 129] ), as well as in granitic pegmatites (e.g., [4, 31, 128] . The late stage designated as CGM-II is observed as CGM-I overgrowths as well as veinlets within the primary columbite ( Figure 7, Figure 13a , and Figure 16 ), suggesting a change in the melt composition during the late magmatic stages that were characterized by volatile-rich solutions. In the MsLCm facies, CGM-II is often associated with pyrochlore surrounding CGM-I (Figures 6h and 7o) . Pyrochlores are metamict and host inclusions of uraninite and thorite. They present the same features as the other Ta-Nb oxides (TNO) [32, 33, 45, 106] . CGM-II has higher Mn# (0.55-0.90) and Ta# (0.05-0.47) values (Figure 8) .
The geochemical and mineralogical features of the Nb-Ta oxide minerals that were described in the MSP express the same trends that have been described by previous experimental studies and natural examples during magmato-hydrothermal processes for Nb-Ta mineralization in peraluminous granite or pegmatite [4, 14, 15, 22, 37] : a Nb-rich Mn-columbite earlier stage, observed in the core of minerals, followed by a Ta-rich Mn-columbite later stage. This trend represents changes in the melt composition, with Ta enrichment relative to Nb in the residual melt. Experimental studies show that the lower activity coefficient of Ta in the melt relative to Nb, which is based on the solubility difference of Mn-columbite and Mn-tantalite in subaluminous and peraluminous melts, give an explanation for the progressive enrichment of Ta contents in columbite with increasing fractionation [37] . At the late stage of fractionation, the fractionating melt does not contain a sufficient Ta concentration to precipitate tantalite species of CGM (Figure 8 ). The late stage designated as CGM-II is observed as CGM-I overgrowths as well as veinlets within the primary columbite (Figures 7, 13a, and 16 ), suggesting a change in the melt composition during the late magmatic stages that were characterized by volatile-rich solutions. In the MsLCm facies, CGM-II is often associated with pyrochlore surrounding CGM-I (Figures 6h and 7o) . Pyrochlores are metamict and host inclusions of uraninite and thorite. They present the same features as the other Ta-Nb oxides (TNO) [32, 33, 45, 106] . CGM-II has higher Mn# (0.55-0.90) and Ta# (0.05-0.47) values (Figure 8) .
The geochemical and mineralogical features of the Nb-Ta oxide minerals that were described in the MSP express the same trends that have been described by previous experimental studies and natural examples during magmato-hydrothermal processes for Nb-Ta mineralization in peraluminous granite or pegmatite [4, 14, 15, 22, 37] : a Nb-rich Mn-columbite earlier stage, observed in the core of minerals, followed by a Ta-rich Mn-columbite later stage. This trend represents changes in the melt composition, with Ta enrichment relative to Nb in the residual melt. Experimental studies show that the lower activity coefficient of Ta in the melt relative to Nb, which is based on the solubility difference of Mn-columbite and Mn-tantalite in subaluminous and peraluminous melts, give an explanation for the progressive enrichment of Ta contents in columbite with increasing fractionation [37] . At the late stage of fractionation, the fractionating melt does not contain a sufficient Ta concentration to precipitate tantalite species of CGM (Figure 8 ). The Mayo Salah rare-metal bearing low-phosphorous peraluminous granite that was highlighted by this study in the NCD of CAFB in Cameroon rises many questions relative to its geodynamic signification in this area. This type of granite is generally found in the continental collision context [118] and generally represents the evolved term of highly fractionated magma of crustal origin [4] .
The MSP occurs as laccolith in volcano-sedimentary schists of Poli group (Figure 3) . The pluton presents an E-W elongation in its host schists with concordant contacts. Structural features show that the deformation decreases progressively from the borders to the weakly deformed core of the pluton, which is typical for composite, multiphase intrusions. In this core, the deformation is expressed as a The Mayo Salah rare-metal bearing low-phosphorous peraluminous granite that was highlighted by this study in the NCD of CAFB in Cameroon rises many questions relative to its geodynamic signification in this area. This type of granite is generally found in the continental collision context [118] and generally represents the evolved term of highly fractionated magma of crustal origin [4] .
The MSP occurs as laccolith in volcano-sedimentary schists of Poli group (Figure 3) . The pluton presents an E-W elongation in its host schists with concordant contacts. Structural features show that the deformation decreases progressively from the borders to the weakly deformed core of the pluton, which is typical for composite, multiphase intrusions. In this core, the deformation is expressed as a local mineral lineation (N75E-N110E), underlined by muscovite and quartz (Figure 5h) . The microstructure observations indicate that primary muscovite is kinked, plagioclase is sheared, and quartz has undulose extinction (Figure 5n,o) . At the northern and southern boundaries of the MSP, the deformation is expressed as a shallow-dipping and as a subvertical foliation stretching or mineral lineation (<12 • ), respectively. Several faults of NW-SE and E-W direction are identified (Figure 3) . The contact between the pluton and its hosts in its northern boundaries is marked by similar fabrics, both within the MsL facies and the schists. Locally, the structures of the host rocks are preserved within xenoliths found in the MsL facies (Figure 5e,f) . These elements allow for proposing that this pluton would be related to a E-W and NW-SE fault/shear zone, similar to numerous shear zones and strike-slip faults in the vicinity of this area, like the Tcholliré-Banyo fault at the East [66, 69] and the Godé-Gormaya shear zone at the West [68] .
The different facies of this pluton underwent numerous fault/fracture and conjugate sinistral/dextral shearing mainly NE-SW (N50E-N70E), E-W (N80-N90E), and WNW-ESE (N110E-N150). The fault and conjugal sinistral/dextral shear zone that was identified in the MSP (Figure 5k -m) are also interpreted as left lateral wrench movements between ca. 613 and 585 Ma and right lateral wrench movements at ca. 585-540 Ma [64, 83, 134] in the NCD related to the second tectonic event. In the Guider area of NCD, a pluton of syenite dated at 593 ± 4 Ma, is interpreted as late-tectonic during the D 2 event [83] . Indeed, the age of the D 3 is recorded in the different domains of CAFB in Cameroon. Toteu et al. [69] constrained D 3 deformation between ca. 600 and 580 Ma, associated with a post-collisional stage coeval with the development of shear zones, and with the emplacement of late-tectonic calc-alkaline to sub-alkaline granitoids (ca. 600-570 Ma). The age of ca. 601-558 Ma for the D 3 event is also found in Meiganga area of AYD [135] . In the Mayo Salah pluton, the LA-ICP-MS U-Pb dating of coltan (Mn-columbite) and monazite were carried out on two Nb-Ta mineralized MsL facies. The first facies (MsLC) is the most mineralized in Nb-Ta and yields columbite and monazite concordant ages of 603.2 ± 5.3 Ma and 597.1 ± 7.9 Ma, respectively (Figure 13b ,c; Table 3 ). The second facies (MsLCm) is the transitional facies between the mineralized MsL and the barren MsG and yields coltan and monazite concordant ages of 588.3 ± 5 Ma and 581.6 ± 7.2 Ma, respectively (Figure 14b ,c; Table 4 ). These data indicate that the mineralization of Mayo Salah leucogranite is related to a late-Neoproterozoic magmatic event (Pan-African) between ca. 603 and 582 Ma. All of the structural features, when coupled with the ages of this pluton (ca. 603 and 582 Ma), show that the MSP emplaced during late D 2 to syn-D 3 tectonic event recorded in the CAFB.
The tectonic evolution of the CAFB in the northern edge of the Congo Craton is not well defined, but several features, such as (i) arc-type magmatism; (ii) external nappes of regional extent; (iii) granulitic metamorphism; (iv) intensive plutonism that is associated with crustal melting; and, (v) regional strike-slip faults with numerous Pan-African granitoids characterize a long-lived (ca. 800-600 Ma) collisional belt [136] . The late-Neoproterozoic CAFB at the north of the Congo craton was recognized by the widespread occurrence of ca. 600-500 Ma Rb-Sr whole rock and mineral ages [137] . The tectonic evolution of CAFB in the northern edge of the Congo Craton is interpreted as the substantial crustal thickening during the Pan-African clock-wise continent-continent collision at ca. 600 Ma, followed by the exhumation of different crustal levels, the development of regional transcurrent shear zones, and the emplacement of post-collisional granitoids that are younger than ca. 600 Ma [63, 72, 83, 136] . The 603.2 ± 5.3 Ma to 581.6 ± 7.2 Ma U-Pb ages on columbite and monazite of the Mayo Salah rare-element leucogranite, correspond to the ages of late-tectonic granitoids emplaced at ca. 600-580 Ma. These granitoids in the northwest of the Tcholliré-Banyo fault were interpreted as being mainly derived from juvenile crust or crust with lesser degrees of older crustal contamination [68] . The ca. 630-580 Ma ages recorded in zircon grains from syn-tectonic granitoids and on metamorphic rocks [63, 66, 68, 79, 93, 94] , is interpreted as a stage of collision associated with the assembly of west Gondwanaland. This stage ended about ca. 600-580 Ma with a general anatexis that was associated with southward thrusting of the CAFB onto the Congo craton in the south and with upright folds, strike-slip faults, and intense crustal-melting plutonism in NCD and AYD (Figure 2 ; [67, 68, 72, 83, 138] . This is consistent with the age of rare-element leucogranite of MSP in this study, which is emplaced as a laccolith in micaschists.
Comparison with Pan-African Rare-Metal Granite and Pegmatite
In Africa, Melcher et al. [45] have distinguished five metallogenetic epochs from Archean to Phanerozoic times that are based on mineralogical and geochemical features of the rare-metal minerals (Figure 1 ). With its U-Pb age on columbo-tantalite and monazite at ca. 600-580 Ma, the Nb-Ta-Sn mineralization of the Mayo Salah pluton can be associated with the youngest period: the late-Neoproterozoic to early-Paleozoic, designated as Pan-African ca. 600 to 450 Ma, when numerous mineralized pegmatites are described within Pan-African mobile belts that were surrounding the cratons e.g., Arabian-Nubian Shield, Mozambique Belt, and Damara Belt in Namibia (Figure 1 ; [58] [59] [60] ).
Current occurrences of Pan-African rare-metal granites are restricted to the Older Granites and Younger Granites of Nigeria; and the granites of Eastern Desert of Egypt in the Arabian-Nubian Shield (ANS). The ANS constitutes the northern part of the East African Orogenic Belt and the rare-metal mineralization is associated with a post-accretionary magmatic phase ranging in age from ca. 610 Ma in the north to ca. 530 Ma in the south [53] . In Nigeria, the Older granite is late Neoproterozoic and Younger Granites are Mesozoic [45] . The mineralization of the Mayo Salah leucogranite (Mn-columbite) is similar to the RMG of the Eastern Desert (Egypt) in ANS, especially to the RMG of Abu Dabbad and Nuweibi, which contain zoned CGMs [129] with Ta mineralization mainly as columbite-(Mn) and some tantalite-(Mn) that both have low concentrations of Li and Ti, but high concentrations of Sc, REE, and Th [45] . This study highlights the presence of late-Neoproterozoic rare-metal granite in the CAFB (Figure 1) , where the known occurrences are restricted to rare-element pegmatites and RMG of Nigeria [45, 46, 55] .
Conclusions
(1) The Mayo Salah pluton shares the features of rare-metal granites RMG with local occurrences of rare-element minerals during the magmatic fractionation of this pluton. Rare-element mineralization (Nb, Ta, and Sn) is expressed as cassiterite and homogeneously disseminated Nb-Ta oxides, such as coltan, rutile, and pyrochlore. The Nb-Ta oxides are classified as Mn-columbite and are magmatic in origin. The progressive zonation of these minerals suggest a magmatic fractionation with earlier Nb-rich Mn-columbite and late Ta-rich Mn columbite. The later stage might be related to magmato-hydrothermal alteration. The rare-element leucogranite of the Mayo Salah pluton is peraluminous and I-type to S-type suggesting an origin from melting of crustal material with a contribution of sediments. The leucogranite of Mayo Salah is classified into the peraluminous low-phosphorus group of RMG. (2) The LA-ICP-MS U-Pb dating of columbite and monazite yields ages between 603.2 ± 5.3 and 581.6 ± 7.2 Ma, which provide evidence for the genesis of the Nb-Ta occurrences of the Mayo Salah pluton by a late-Neoproterozoic (Pan-African) magmatic event. Structural and geochronological features show that the MSP is related to the late D 2 to syn-tectonic D 3 events that were recorded in the CAFB. The Nb-Ta occurrences of the Mayo Salah pluton can be related to the Pan-African Nb-Ta epoch proposed by [45] ranging from ca. 600 to 450 Ma (late-Neoproterozoic to early-Paleozoic) and that includes Pan-African belts surrounding the Congo Craton as the Central Africa Fold Belt, Mozambique Belt, Damara Belt in Namibia, and the northern part of the East African Orogenic Belt.
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